copper ion with interconversion between square pyramidal and trigonal bipyramidal forms, yielding a water exchange rate of (5.7 Ϯ 0.2) ϫ 10 9 s Ϫ1 , slightly enhanced with respect to the value obtained previously assuming sixfold coordination [(4.4 Ϯ 0.1) ϫ 10 9 s Ϫ1 ] (15). The frequency of occurrence of both fiveand sixfold-coordinated Cu(II) ions in crystalline compounds (24) suggests that these coordinations are competitive. This work shows that, at variance with the sixfold coordination of cations of similar charge and size such as Ni(II) and Mg(II) (26), the Cu(II) aqua ion adopts a fivefold coordination. This is a direct consequence of the 3d 9 electronic structure of its atomic shell, which causes a departure from octahedral coordination because of the JahnTeller effect. (1989). 23. The neutron diffraction measurements were carried out at ambient temperature (26°C) using the D4B diffractometer at the Institut Laue-Langevin in Grenoble. The wavelength of the incident neutrons was 0.6991 Å, and the momentum transfer range measured by the diffractometer extended to a maximum value of Q max Ϸ16 Å Ϫ1 . In the data reduction, we took the total cross sections for H 2 4 2-exhibits characteristics of aromaticity with two delocalized electrons (thus following the 4n ϩ 2 electron counting rule) and a square planar structure and maintains its structural and electronic features in all the MAl 4 -complexes. These findings expand the aromaticity concept into the arena of all-metal species.
The name "aromatic compound" was initially bestowed on benzene, its derivatives, and related compounds because of their aroma. Today, the terms "aromatic" and "aromaticity" are used to describe cyclic, planar, and conjugated molecules possessing (4n ϩ 2) electrons and having specific chemical and structural stability. Despite the undeniable usefulness of the aromaticity concept, it remains controversial and its physical origin is still being debated (1-3). Thus, recent years have seen a resurgence in the development of various criteria of aromaticity and in theoretical investigations aimed at gaining a deeper insight into the origin of this phenomenon (4) (5) (6) (7) (8) . In this report, we present experimental and theoretical evidence of aromaticity in an all-metal system: the Al 4 2-dianion in a series of bimetallic ionic systems with chemical composition MAl 4 -(M ϭ Li, Na, or Cu). The Al 4 2-unit was found to be square planar and to possess two delocalized electrons, thus conforming to the (4n ϩ 2) electron counting rule for aromaticity.
Using a laser vaporization source and negative ion photoelectron spectroscopy (9, 10), we produced and investigated a series of MAl 4 -clusters (11). The negative ion technique affords convenient size selectivity, and photoelectron spectroscopy is quite suitable for providing unique electronic structure information pertaining to the neutral species. We have found that combining photoelectron spectroscopy and ab initio calculations offers a particularly powerful approach to investigating the structure and bonding of novel molecular and cluster species (12) . Photoelectron spectra of the three MAl 4 -species were measured at two different photon energies. The spectra of the three species are similar (Fig. 1) , each with an intense threshold peak (X and A) followed by two weaker features (B and C). The X and A features overlapped heavily and were only resolved in the 355-nm spectrum of NaAl 4 -. The vertical electron detachment energies of these features were measured from the peak maxima (Table 1 ) and compared to the results of the ab initio calculations discussed below.
We performed ab initio calculations on a wide variety of structures in a search for the global minimum, using three different theoretical methods (13, 14 ) . We found that the most stable structure for all three MAl 4 -species is a square pyramid (Fig. 2) consisting of an M ϩ cation coordinated to a square planar Al 4 2-unit. All the MAl 4 -species were also found to possess a fully planar low-lying isomer, with the M ϩ cation coordinated to the edge of a square planar Al 4 2-unit. The optimized geometries, vibrational frequencies, and relative energies agreed well at the three levels of theory used in this work for all three MAl 4 -species. At our highest level of theory, the pyramidal structures were found to be more stable than the planar structures by 5.6, 7.6, and 7.6 kcal/mol for LiAl 4 -, NaAl 4 -, and CuAl 4 -, respectively. Other isomers were also located, but all had higher energies than the pyramidal and planar structures. Therefore, we conclude that the pyramidal structures detailed in Fig. 2 are the global minimum for the MAl 4 -species. We also determined theoretical predictions for the four lowest lying, vertical, oneelectron detachment processes for the pyramidal and planar species (Table 1) . Excellent agreement was obtained for all three anions between the theoretical vertical detachment energies (VDEs) of the pyramidal structures and the experimental spectra. The predicted VDEs for the low-lying planar isomers do not agree well with the experimental data, suggesting that this isomer was not significantly populated in the experiment. We have found previously that the Green's Function method used here is capable of predicting photoelectron spectral features fairly accurately (12) . Therefore, the excellent agreement between the calculated spectra for the pyramidal structures and the experimental spectra lends considerable support to the idea that the pyramidal structures are the global minimum for the MAl 4 -species. The local structure of the Al 4 2-unit appears to be similar or nearly identical in both the pyramidal global minima and the lowlying planar isomer of all three MAl 4 -species (Fig. 2) . To gain more insight into the structural and bonding properties of the MAl 4 -systems, we performed a detailed theoretical investigation of the isolated Al 4 2-species. Even though this dianion was not expected to be thermodynamically stable toward autodetachment of an electron, we anticipated that metastable local minima could be located. Indeed, we found a perfect planar structure for the isolated Al 4 2- (Fig. 2G) . The isolated square planar Al 4 2-seems to undergo very little structural change in forming the MAl 4 -molecules. To understand the planarity and structural integrity of the Al 4 2-unit, we analyzed its valence molecular orbitals (Fig. 3) . The highest occupied molecular orbital (HOMO), which is doubly occupied, is a delocalized orbital; the rest of the molecular orbitals are either bonding -type or lone pairs. The observation of the delocalized HOMO is surprising. We found that a similar delocalized orbital is also present in the MAl 4 -species in both its pyramidal and planar isomers. This orbital holds the key to understanding the structure and bonding of the MAl 4 -species. Examination of its structure and bonding revealed that Al 4 2-exhibits characteristics of aromaticity. First, it possesses two completely delocalized electrons (Fig. 3) , which satisfy the (4n ϩ 2) electron counting rule for aromatic compounds. Second, Al 4 2-has a perfect square structure, due to the delocalization of the electrons, exactly as expected for an aromatic system. Analogy can be made with the prototypical aromatic system, benzene, in which aromaticity is responsible for its perfect hexagonal structure with all equal C-C bonds, rather than the classical alternating single and double bonds. Finally, like benzene in M(C 6 H 6 ) 2 sandwich complexes, the Al 4 2-dianion preserves its structural integrity in forming the MAl 4 -complexes (Fig.  2) . Furthermore, we found that the vibrational frequencies of the isolated Al 4 2-dianion are very similar to those in the pyramidal and planar structures of the three MAl 4 -species. We also investigated theoretically the structures of neutral M 2 Al 4 species and found Table 1 ). again that the most stable structures contain the intact Al 4 2-dianion. Polyanions of the main group elements (known as Zintl anions) are building blocks of an interesting class of ionic solids (15, 16 ) . Zintl phases with the stoichiometry Na 2 In, Na 2 K 21 Tl 19 , La 3 In 5 , and many others [see a recent review (15) ] have been synthesized, in which catenation (elementelement bonding) leads to the formation of In 4 8 -, Tl 5 7- , and In 5 9 -multiply charged cluster anions. However, despite the fact that a large number of Ga, In, and Tl Zintl anions have been synthesized, their Al analogs are still elusive (15) . The current Al 4 2-dianion is fundamentally different from the previously discovered heavy group-13 X 4 -type polyanions, which are all tetrahedral. We believe that aromatic square planar X 4 2-clusters, like Al 4 2-, may in fact exist for the heavier group-13 elements (Ga, In, and Tl). Therefore, the current finding may not only expand the aromaticity concept into an all-metal system but may also indicate whole classes of new inorganic aromatic species. can, Ed. ( JAI Press, Greenwich, CT, 1998), pp. 299 -343. 11. The MAl 4 -species were produced with a laser vaporization supersonic cluster source. A Cu/Al alloy target was used to produce the CuAl 4 -anions, whereas an Al/Li 2 CO 3 (Na 2 CO 3 ) composite target was used to produce LiAl 4 -(NaAl 4 -). The anionic species produced were analyzed with a time-of-flight mass spectrometer. The MAl 4 -anions of interest were selected for photodetachment in each experiment. Photoelectron spectra were taken at two detachment laser wavelengths, 355 and 266 nm, and were calibrated using the known spectra of Cu -. 4 2-] were further studied using the coupledcluster method [CCSD( T)] with the 6-311ϩG* basis sets. The energies of the most stable structures were refined using the CCSD( T) method and the more extended 6-311ϩG(2df ) basis sets. The vertical electron detachment energies were calculated using the outer valence Green Function method [OVGF/6-311ϩG(2df )] and the MP2/6-311ϩG (HOMO-5, 1a 1g ). HOMO-4 consists of a degenerate pair (1e u ). 
